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ABSTRACT 
 The objective of this thesis is to investigate chemically – driven gel actuators and 
their usefulness to perform mechanical work. The thesis work has mainly concentrated on 
chitosan as the gel actuator material. Chitosan is a widely used biopolymer that shows a 
large volume transition through changing pH. 
 The pH induced actuation behaviour of polymer gels makes these materials 
analogous to a biological muscle. From a mechanics viewpoint, polymers gels are very 
compliant, unlike more common engineering material such as metals or ceramics or even 
most polymers. 
.   The mechanical work output of an actuation system is determined from a 
combination of the displacement and force generated. A complication arises with gel 
actuators since prior work has shown that the application of an external force can change 
the gel volume transition. Very little information is available regarding the specific effect 
of an external load on the displacement generated by a gel actuator.  
  The thesis included experiments on a homogeneous solvent swollen rubber as a 
model system. Actuation of the rubber was effected through solvent exchange. 
 The mechanical actuation was investigated by three different approaches: Linear 
Elastic, Thermodynamic and Linear Elastic generalized to 3D (finite element model). 
These models are to account for both the mechanical properties and the actuation 
behaviour of these materials. Uniaxial mechanical testing has been conducted on natural 
rubber and chitosan gel in both the fully expanded and fully contracted states, and the 
material parameters from these mechanical tests were used in the various models. The 
model and material parameters are then used to predict the rubber/chitosan actuation 
behaviour under isotonic loading.  
 Actuation tests on chitosan fibres showed unexpected results. Chitosan fibres 
showed a considerable strain difference between length and diameter during free 
actuation. An applied load during actuation process gave completely unexpected results: 
contraction in the length direction when expansion was expected and vice versa.  
The 3 - dimensional elastic approach based on the Finite Element Model was 
modified from the isotropic material (natural rubber) to account for the anisotropic 
chitosan fibres. This model enables a reasonable estimate of the Young’s modulus and 
Poisson’s ratio. The results suggest that the materials have different Young’s modulus in 
the longitudinal and transversal directions which produces a high expansion in the 
 IV
transversal direction in comparison with the longitudinal, affecting directly the actuation 
process. 
Moreover the changes in Poisson’s ratio and modulus due to a change in the 
chemical environment (pH or solvent) were also shown to account for the unexpected 
actuation results. 
 Useful dynamic information on the molecular scale was obtained on the structure 
of the fibre using a real-time small angle X-ray scattering (SAXS) technique. Parameters 
(particularly correlation lengths and intensity) fitted to the experimental data clearly 
indicated structural differences in the directions perpendicular and parallel to the fibre 
axis, however detailed description of the molecular organisation requires further 
investigation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 V
 
AKNOWLEDGEMENTS 
 
 The process involved in doing this PhD proved to be an incredible growth 
experience for me, during which I relied on many people for support. 
 
 First and foremost I wish to thank my supervisor Professor Geoff M. Spinks who 
never failed to support me throughout. He always had time to answer all my questions 
and help me in every way possible. 
 
 Thank you also to:  
Professor Hugh Brown, for his clarity and thoughtful comments at important milestones 
throughout the thesis. 
Professor Gordon G. Wallace for the support and facilities in the Intelligent Polymer 
Research Institute and ARC Centre of Excellence for Electromaterials Science (ACES). 
Dr. Robert Knott from ANSTO for his help with SAXS experiments as well as with the 
interpretation of the data. 
Dr. Buyung Kosasih for his assistance with the Finite Element modelling. 
Professor Seong Jeong Kim, Ms. Su Ryon Shin and Mr. Chang Kee Lee from the Korean 
Centre for Bio-Artificial Muscle at Hanyang University, Seoul Korea for sharing all their 
experience with chitosan material.  
Dr. Philip Whitten for his valuable advice and continued help. 
Mr. Greg Tillman for his support in the Materialography laboratory. 
The Australian government and the University of Wollongong for the IPRS and UPA 
scholarships award. 
 
 Lastly, I would like to thank my family for their continual  support  during my 
study, especially my Mum Maria Trinidad and my Dad Gregorio, my sister Maria Elena  
and my brother Victor Manuel, my nieces Karyna and Claudia and my nephews Jose, 
Francisco and Victor. 
 
 
 
 VI
CONTENTS 
CERTIFICATION………………………………………………………………………II 
ABSTRACT………………………………………………………………………….....III 
AKNOWLEDGEMENTS………………………………………………………………V 
CONTENTS……………………………………………………………...……………..VI 
LIST OF FIGURES…………………………………………………………………..X11 
LIST OF TABLES…………………………..………………………………………XXV 
LIST OF ABBREVIATIONS AND SYMBOLS…………………………….....…XXIX 
CHAPTER 1………………………………………………………...……………………1 
1. INTRODUCCTION...................................................................................................2 
1.1 Overall Objective .....................................................................................................2 
1.2 POLYMER GELS .......................................................................................................2 
1.2.1 Artificial Muscles constructed from hydrogel ........................................................3 
1.3 CHITOSAN HYDROGELS........................................................................................4 
1.4 CHITOSAN HYDROGEL STRUCTURE ................................................................6 
1.4.1 Covalently crosslinked chitosan hydrogels.............................................................8 
1.4.1.1 Structure and interactions ................................................................................8 
1.5 SWELLING/DE-SWELLING OF GELS................................................................10 
1.6 THE ELASTICITY OF A MOLECULAR NETWORK .......................................14 
1.6.1  The nature of the problem..................................................................................14 
1.6.2 Calculation of entropy of deformation...............................................................15 
1.6.3   Work of deformation..........................................................................................18 
1.6.4  Significance of theoretical conclusions .............................................................18 
1.6.5 The principal stresses.........................................................................................18 
1.6.6 The elastic properties of a swollen rubber .........................................................22 
1.6.7 Comparison with dry rubber ..............................................................................24 
1.6.8 Alternative formula for network entropy...........................................................25 
1.7 SWELLING PHENOMENA ....................................................................................25 
1.7.1  General thermodynamic principles ....................................................................25 
1.7.2 Statistical treatment............................................................................................26 
1.7.3   Free energy of dilution.......................................................................................29 
1.7.4  The swelling of cross-linked polymers .............................................................30 
1.7.5 The dependence of swelling on strain................................................................32 
 VII
1.7.5.1 The special case of simple elongation ...........................................................35 
1.8 LINEAR ELASTIC MODEL: EFFECT OF AN EXTERNAL LOAD ON 
ACTUATOR DISPLACEMENT....................................................................................36 
1.9 ACTUATION IN POLMER GELS .........................................................................38 
1.9.1 pH – induced actuation .........................................................................................38 
1.9.2 Effect of mechanical load .....................................................................................39 
1.9.3 Effect of stress on temperature – driven gel actuators..........................................39 
1.10 THESIS AIMS..........................................................................................................40 
1.11  ORGANIZATION OF THIS THESIS..................................................................41 
CHAPTER 2………………………………………………………………...……..…....43 
2.1 INTRODUCTION......................................................................................................44 
2.2 CHITOSAN FIBRE PREPARATION.....................................................................44 
2.2.1 Materials ...............................................................................................................44 
2.2.2 Wet Spinning Preparation fibre Technique...........................................................44 
2.2.3 Two – step process for preparing chitosan fibres .................................................45 
2.2.3.1 Preparation of chitosan solution.....................................................................45 
2.2.3.2 Making chitosan fibres using wet spinning ...................................................45 
2.2.3.3 Crosslinking Process......................................................................................46 
2.2.4 One – step process for preparing chitosan fibres. .................................................46 
2.3 FREE ACTUATION EXPERIMENTS ...................................................................47 
2.4 ISOTONIC TESTS ....................................................................................................48 
2.5 YOUNG’S MODULUS AND POISSON’S RATIO MEASUREMENTS ............50 
2.6 SYNCHROTRON SMALL ANGLE X-RAY SCATTERIN  
(SAXS) STUDIES.........…………………………………………………………………51 
CHAPTER 3…………………………….………………...………………………….....52 
3.1 INTRODUCTION....................................................................................................53 
3.2 EXPERIMENTAL .....................................................................................................53 
3.2.1 Materials ...............................................................................................................53 
3.2.2 Instrumentation .....................................................................................................53 
3.2.3 Actuation and Mechanical Tests...........................................................................54 
3.3 RESULTS AND DISCUSSION ................................................................................54 
3.3.1 Free Actuation Tests .............................................................................................54 
3.3.1.1 Free Expansion Results..................................................................................54 
 VIII
3.3.2 Natural rubber Young’s moduli in toluene and hexane ........................................55 
3.3.3 Dry Rubber Shear Modulus ..................................................................................57 
3.3.4 Relationship between shear modulus and Young’s modulus ...............................57 
3.3.5 
1
3
2ν  Rule for toluene and hexane ...........................................................................58 
3.4 SOLVENT ACTUATION .........................................................................................60 
3.4.1 Direct Actuation....................................................................................................60 
3.4.2 Indirect Actuation .................................................................................................65 
3.4.3 Length change predicted using the Linear Elastic Model.....................................68 
3.4.3.1 Simulation of Direct Actuation Results .........................................................69 
3.4.3.2 Simulation of Indirect Actuation Results.......................................................71 
3.4.4 Length change predicted using the Thermodynamic Model.................................72 
3.4.4.1 Rubber in toluene...........................................................................................72 
3.4.4.2 Rubber in hexane ...........................................................................................74 
3.5 FINITE ELEMENT MODEL...................................................................................77 
3.5.1 Introduction...........................................................................................................77 
3.5.1.1 Basic steps in the Finite Element Method......................................................77 
 3.5.1.1.1 Preprocessing Phase.............................................................................77 
3.5.1.1.2 Solution Phase.............................................................................................77 
3.5.1.1.3 Postprocessing Phase ..................................................................................77 
3.6 TRUSSES....................................................................................................................77 
3.6.1 Plane Truss............................................................................................................77 
3.6.2 Space trusses .........................................................................................................81 
3.7 THE TRUSS MODEL ...............................................................................................83 
3.8 DRY NATURAL RUBBER ......................................................................................84 
3.8.1 Experimental .........................................................................................................84 
3.8.2 Finite Element Model Program.............................................................................88 
3.8.3 Trusses values calculation for dry natural rubber .................................................89 
3.8.4 Experimental and theoretical results comparison .................................................95 
3.8.5 Bulk Modulus........................................................................................................99 
3.9 TRUSSES VALUES CALCULATION FOR NATURAL RUBBER SWOLLEN 
IN HEXANE ...................................................................................................................100 
3.10 OSMOTIC PRESSURE FOR RUBBER SWOLLEN IN HEXANE ................104 
 IX
3.11 TRUSSES VALUES CALCULATION FOR NATURAL RUBBER SWOLLEN 
IN TOLUENE.................................................................................................................107 
3.12 OSMOTIC PRESSURE FOR RUBBER EXPANDED IN TOLUENE ............109 
3.13 FEM ANALYSIS OF SOLVENT ACTUATION ...............................................110 
3.14 SUMMARY AND DISCUSSION .........................................................................112 
CHAPTER 4……………………………………………… ..…………………...…….116 
4.1 INTRODUCTION....................................................................................................117 
4.2 EXPERIMENTAL ...................................................................................................118 
4.2.1 Instrumentation ...................................................................................................118 
4.2.2 Actuation and mechanical tests...........................................................................118 
4.3 RESULTS AND DISCUSSION ..............................................................................118 
4.3.1 Free Actuation Tests. ..........................................................................................118 
4.3.1.1 Free Expansion  Results...............................................................................119 
4.3.2 Young’s Moduli in water and acetonitrile-water ................................................120 
4.4 CHITOSAN WATER/ACETONITRILE-WATER SOLVENT ACTUATION121 
4.4.1  Experimental results.........................................................................................121 
4.4.2 Elongation ratio λ ...........................................................................................123 
4.5 LINEAR ELASTIC MODEL .................................................................................131 
4.5.1 Simulation of chitosan Direct Actuation Results................................................131 
4.5.2 Simulation of chitosan Indirect Actuation Results .............................................132 
4.6  SIMULATION OF INDIRECT ACTUATION USING THE  
THERMODYNAMIC MODEL ...................................................................................136 
4.6.1 Chitosan in water ................................................................................................136 
4.6.2 Chitosan in acetonitrile-water .............................................................................138 
4.7 UNIAXIAL TENSILE TESTING CHITOSAN IN WATER AND ANALYSIS 
USING FEM ...................................................................................................................141 
4.8 TRUSSES VALUES CALCULATION FOR CHITOSAN SWOLLEN IN 
WATER ..........................................................................................................................144 
4.9 OSMOTIC PRESSURE FOR CHITOSAN EXPANDED IN WATER..............149 
4.10 FEM ANALYSIS OF CHITOSAN IN ACETONITRILE – WATER (a-w) ....152 
4.11 TRUSSES VALUES CALCULATION FOR CHITOSAN SWOLLEN IN 
ACETONITRILE - WATER ........................................................................................154 
 X
4.12 OSMOTIC PRESSURE FOR CHITOSAN EXPANDED IN ACETONITRILE 
– WATER (a-w)..............................................................................................................157 
4.13 FEM ANALYSIS OF SOLVENT ACTUATION ...............................................159 
4.14 DIAMETER STRAIN DIRECTION ...................................................................162 
4.15 SUMMARY AND DISCUSSION………………………………………………..164 
CHAPTER 5 ...................................................................................................................166 
5.1 INTRODUCTION....................................................................................................167 
5.2 EXPERIMENTAL ...................................................................................................167 
5.2.1 Instrumentation ...................................................................................................167 
5.2.2 Actuation and mechanical test ............................................................................167 
5.3 RESULTS AND DISCUSSION ..............................................................................168 
5.3.1 Free Actuation Tests ...........................................................................................168 
5.3.1.1 Free Expansion Results................................................................................168 
5.3.2 Young’s Moduli in pH2 and pH7 buffer solutions .............................................169 
5.4 CHITOSAN pH 2/pH 7 BUFFER SOLUTION ACTUATION ...........................170 
5.4.1 Elongation ratio λ ..............................................................................................173 
5.5 LINEAR ELASTIC MODEL .................................................................................180 
5.5.1 Direct actuation modelling of chitosan from pH 7 and switched to pH 2. .........180 
5.5.2 Indirect actuation modelling of chitosan from pH 7 and switched to pH 2. .......181 
5.6 UNIAXIAL TENSILE TESTING CHITOSAN IN pH 2 BUFFER SOLUTION 
USING FEM ...................................................................................................................185 
5.7 TRUSSES VALUES CALCULATION FOR CHITOSAN SWOLLEN IN pH 2 
BUFFER SOLUTION. ..................................................................................................189 
5.8 OSMOTIC PRESSURE FOR CHITOSAN EXPNDED IN pH 2 BUFFER 
SOLUTION ....................................................................................................................193 
5.9 UNIAXIAL TENSILE TESTING CHITOSAN IN pH 7 BUFFER SOLUTION 
USING FEM ...................................................................................................................195 
5.10  TRUSSES VALUES CALCULATION FOR CHITOSAN SWOLLEN IN pH 7 
BUFFER SOLUTION…………………………………………………………..198  
5.11 OSMOTIC PRESSURE FOR CHITOSAN EXPANDED IN pH 7 BUFFER 
SOLUTION ....................................................................................................................201 
5.12 FEM ANALYSIS OF pH BUFFER SOLUTION ACTUATION ......................202 
5.13 DIAMETER STRAIN DIRECTION ...................................................................207 
 XI
5.14 SUMMARY AND DISCUSSION .........................................................................209 
CHAPTER  6 ..................................................................................................................211 
6.1 INTRODUCTION....................................................................................................211 
6.2 HYDROGEL STRUCTURE...................................................................................217 
6.3 SAXS DATA ANALYSIS OF HYDROGELS.......................................................217 
6.4 EXPERIMENTAL ...................................................................................................221 
6.4.1 Sample preparation .............................................................................................221 
6.4.2 SAXS data collection..........................................................................................222 
  6.4.3 Data acquisition and processing…………………...…………………………...225 
6.4.4 Data processing...................................................................................................228 
6.5 EXPERIMENTAL RESULTS................................................................................231 
6.5.1. Effect of pH at constant load (fibre 2 low load). ...............................................233 
6.5.2 Effect of pH at constant load (fibre 3 medium load). .........................................237 
6.5.3 Effect of pH at constant load (fibre 5 high load). ...............................................241 
6.5.4 Effect of load on fitted parameters......................................................................245 
6.6 Discussion and Summary ........................................................................................254 
CHAPTER 7………………………………………………………………..………… 258 
REFERENCES...............................................................................................................265 
APPENDIX A: SIMULATIONS OF DRY NATURAL RUBBER APPLYING 
DIFFERENT LOADS ON IT………………………………………………………...275 
APPENDIX B: SIMULATIONS OF NATURAL RUBBER SWOLLEN IN 
HEXANE WITH 3 DIFFERENT TENSILE STRAINS............................................279 
APPENDIX C: SIMULATIONS OF OSMOTIC PRESSURE FOR RUBBER 
SWOLLEN IN HEXANE……………………………………………………………..285 
APPENDIX D: SIMULATIONS OF DEFORMATION SUFFERED BY THE 
NATURAL RUBBER FROM DRY, OSMOTIC PRESSURE AND WITH 3 
DIFFERENT TENSILE STRAINS (TOLUENE CASE)………………………...…288 
APPENDIX E: SAX INVESTIGATION OF CHITOSAN STRUCTURE. EFFECT 
OF pH AT CONSTANT LOAD (FIBRE 2 LOW LOAD: 5.7 mN)…………….….291 
APPENDIX F: SAX INVESTIGATION OF CHITOSAN STRUCTURE. EFFECT 
OF pH AT CONSTANT LOAD (FIBRE 3 MEDIUM LOAD: 11.7 mN)……...…..298 
APPENDIX G: SAX INVESTIGATION OF CHITOSAN STRUCTURE. EFFECT 
OF pH AT CONSTANT LOAD (FIBRE 5 HIGH LOAD: 16.1 mN)……………...305 
 XII
List of Figures  
 
Figure 1.1:  (a) The structure of chitosan and (b) the response of chitosan to changes 
in pH. 8 
Figure 1.2:  Structure of chitosan hydrogels formed by (a) chitosan crosslinked with 
itself; (b) hybrid polymer network; (c) semi-interpenetrating network; (d) 
ionic crosslinking. Berguer et al [24]. 9 
Figure 1.3:   (A) Swelling of a deswollen chitosan gel in a pH 2 buffer solution. (a) 
Deswollen gel in pH 2 buffer solution. (b) The formation of a shell takes 
place on the surface, which approaches towards core region. (c) Finally 
the whole gel swells. (B) Deswelling of a swollen chitosan gel in a pH 7 
solution. (a)  The swollen chitosan gel is put in pH 7buffer solution.(b) -
NH2 core forms on the surface, which acts as diffusion barrier. (c) Finally 
the whole gel is collapsed. 11 
Figure 1.4: Swelling kinetics of chitosan/PAN at 200C: Sample CSPA-1, (b) Sample 
CSPA-2, and (c) Sample CSPA-3. Weight fraction of chitosan in the blend 
increases for samples CSPA-1, CSPA-2 and CSPA-3[63]. 13 
Figure 1.5:  pH-dependent swelling behaviours of chitosan/PAN semi-IPNs at 200C: 
(a) CSPA-1, (b) CSPA-2, and (c) CSPA-3 [63]. 14 
Figure 1.6:  Pure homogeneous strain: (a) the unstrained state; (b) the strained state. 
Where t1, t2, t3 are the applied stresses and λ1, λ2, λ3 are the extension 
ratios. 15  
Figure 1.7: The ‘affine’ deformation of chains. 16 
Figure 1.8:  Two-dimensional extension under the action of forces 1f  and 2f . 20 
Figure 1.9:  Lattice model of molecules. 27 
Figure 1.10:  Equilibrium of swollen rubber under stress. 32 
Figure 1.11: Evolution of the Chitosan/Rubber sample from dry to fully swollen state 
under strain.  37 
Figure 1.12:  pH – induced actuation on chitosan covalently crosslinking hydrogel. 38 
 
 
 
 XIII
Figure 1.13:  (a) Schematical swelling curves of temperature controlled gel actuator 
without and with mechanical load. Taking as a reference the state of the 
free gel and the swollen/collapsed in coexistence. (b) Schematic shapes of 
gel without and with mechanical load. A phase coexistence can be realized 
due to the presence of the load [92]. 40 
Figure 2.1:  A schematic diagram of the wet spinning apparatus used. 45 
Figure 2.2:  Chemical bond between the chitosan and the crosslinker agent 
(glutaraldehyde) [49]. 46 
Figure 2.3:  Experimental set up and some experimental results of Free Actuation of 
chitosan fibres. 48 
Figure 2.4:  Block diagram of the experimental set up. 50 
Figure 2.5: Chitosan sample attachment technique. 50 
Figure 3.1:  Free Actuation (no loads) of natural rubber in toluene and hexane. 55 
Figure 3.2:   Young’s Modulus of Natural Rubber, force was applied in the range of 20 
 to 150 mN. The initial pre-strain was not determined. Slopes give Young’s 
 Modulus values for toluene-hexane, which are summarized in Table 3.1.  
         56 
Figure 3.3:  Stress plotted against )1(
1
2
1 λ
λ − obtained by tensile testing dry natural 
rubber. 57 
Figure 3.4:  Young’s moduli for toluene and hexane versus swelling ratio. 60 
Figure 3.5: Evolution over time of the experiment first exhibiting actuation with very 
low load and then with low (50 mN), intermediate (100mN), and high (150 
mN) loads. 61 
Figure 3.6:  Change in length (a) and elongation ratio (b) versus time for natural 
rubber held at constant load in hexane (contracted state) and toluene 
(expanded state) at 50 mN load. The sharp decrease in length at the end of 
the contraction process is due to the short exposure to air as the solvent 
was exchanged. λ  values refer to the unstrained/swollen state in toluene.
 63 
Figure 3.7:  Kinetics of natural rubber collapse in hexane and expansion in toluene (a) 
as well as elongation ratio (b) under 100 mN load. 64 
 XIV
Figure 3.8:  Shrinking-swelling (a) and elongation ratio (b) of natural rubber in 
hexane–toluene under 150 mN load. 65 
Figure 3.9:  Length and elongation change of natural rubber equilibrated in toluene 
with low load (0-2000 sec) and stretched at 50 mN, 100 mN and 150. 
   66 
Figure 3.10:  Length change and elongation ramps obtained by tensile stress. The 
sample was equilibrated in hexane with low load and then stretched at 50 
mN, 100 mN and 150 mN. λ  values refer to length ratios with respect to 
the reference state (swollen/unstrained in toluene). 67 
Figure 3.11:  A comparison between theoretical and experimental elongation change 
exchanging toluene-hexane (contraction). 70 
Figure 3.12:  Linear elastic model results compared with direct and indirect actuation 
results. 72 
Figure 3.13:  Experimental and theoretical elongations as a result of different applied 
loads to rubber in toluene. 74 
Figure 3.14:  Experimental and theoretical elongations for rubber in hexane as a result 
of 50, 100, and 150 mN loads. 75 
Figure 3.15:  A contrast between experimental and theoretical values of actuation at 
constant load using the thermodynamic model and the direct solvent 
exchange. 76 
Figure 3.16:  Relationship between local and global coordinates. 78 
Figure 3.17: The angles formed by a truss with the X-, Y-, and Z-axis. 82 
Figure 3.18:  Nodes, trusses, and external forces directions applied on the cube shape. 
 84 
Figure 3.19:   Experimental results for Young’s modulus of natural rubber. 85 
Figure 3.20:  Experimental steps obtained by stretching natural rubber at different 
forces. 86 
Figure 3.21:   Stress vs. Strain graph obtained from experimental values. The slope of 
the equation represents the Young’s modulus magnitude. 86 
Figure 3.22:  Young’s modulus values for different fixed diagonal stiffness changing the 
edge trusses stiffness values corresponding to dry natural rubber. 90 
Figure 3.23:  Poisson’s ratio values for different fixed diagonal stiffness changing the 
edge trusses stiffness values corresponding to dry natural rubber. 90 
 XV
Figure 3.24: Element input file for dry rubber which specifies the truss number, 
between nodes position, cross sectional area, and Young’s modulus value.
 91 
Figure 3.25:  Node input file which specify, coordinates, external applied forces 
directions and movements of each node for dry rubber. 92 
Figure 3.26:  Output window which shows the results after running the Matlab 
program, each column represent the x, y, and z coordinates displacements 
of each node. 93 
Figure 3.27:  Nodes and their correspondent trusses positions after 0.0837 mN uniaxial 
deformation on dry rubber. 94 
Figure 3.28:  Stress/Strain curves and Young’s modulus value calculated from the 
theoretical model for dry rubber. Experimental data points are also 
included. 98 
Figure 3.29:  Bulk modulus obtained by linear regression. 100 
Figure 3.30:  Young’s modulus values for different fixed diagonal stiffness changing the 
edge trusses values corresponding to natural rubber swollen in hexane. 
  101 
Figure 3.31:  Poisson’s ratio values for different fixed diagonal stiffness changing the 
edge trusses stiffness corresponding to natural rubber swollen in hexane. 
  101 
Figure 3.32:  Experimental results for stress vs. strain of rubber in hexane. 104  
Figure 3.33:  Theoretical results calculated using FEM for tensile stress applied to 
rubber swollen in hexane. 104 
Figure 3.34:  Young’s modulus values for different fixed diagonal stiffness changing the 
edge trusses stiffness values corresponding to natural rubber swollen in 
toluene. 107 
Figure 3.35:  Poisson’s ratio values for different fixed diagonal stiffness changing the 
edge trusses stiffness values corresponding to natural rubber swollen in 
toluene. 108 
Figure 3.36:  Experimental results for stress vs. strain of natural rubber in toluene 108  
Figure 3.37: Theoretical results calculated using the output values of the FEM for 
tensile stress applied to rubber swollen in toluene. 109 
 XVI
Figure 3.38:  Experimental and theoretical results for solvent actuation from toluene – 
hexane exchange for natural rubber. 112 
Figure 3.39:  Linear elastic model results compared with direct and indirect actuation 
results. 113  
Figure 3.40:  Thermodynamic model applied to indirect actuation method and a 
comparison with the experimental results obtained with the direct method. 
  114 
Figure 4.1:  Free actuation strain in length (a) and diameter direction for a chitosan  
hydrogel. The initially dry gel (at time = 0) was fully expanded in water 
and then equilibrated in acetonitrile-water (a-w).  120 
Figure 4.2:  Stress plotted versus Strain, obtained by tensile testing of aligned chitosan 
fibre fully swollen in water (a) and acetonitrile-water (b).  121 
Figure 4.3:   Kinetics of the experiment first exhibiting actuation with very low load 
 and then with low (5 mN), intermediate (10 mN) and high (15 mN) loads. 
   122 
Figure 4.4:  Change in length (a) and elongation ratio (b) versus time for chitosan 
fibre held at constant load in acetronitrile-water (a-w) (contracted state) 
and water (expanded state) at 5 mN load. λ  values refer to 
unstrained/swollen state in water (see Figure 4.3). 124 
Figure 4.5:  Contraction-expansion (a) and change elongation ratio (b) of chitosan in 
a-w/w under 10 mN load. 125 
Figure 4.6:  Kinetics of chitosan fibre collapse in acetronitrile-water and expansion in 
water (a) as well as change elongation ratio under 15 mN load. 126 
Figure 4.7:  Length change and elongation ramps obtained by tensile stress. The 
sample was equilibrated in water with a low load and then stretched at 15, 
20 and 25 mN. λ  values refers to length ratios with respect to the 
reference state (swollen/unstrained in water). 127 
Figure 4.8:  Young’s modulus obtained from stress-strain relation calculated from 
experimental data shown in Table 4.2, for chitosan in water. 128 
Figure 4.9:  Length and elongation change of chitosan fibre equilibrated in 
acetonitrile water with low load (0-1500 sec) and stretched at 15, 20 and 
25 mN. 129 
 XVII
Figure 4.10:  Experimental relation between stress vs. strain resulted in Young’s 
modulus for chitosan fibre swollen in a-w. 130 
Figure 4.11:  Experimental and theoretical results for length direction elongation 
change from a-w /w exchange for chitosan fibre where the experimental 
results are from the direct solvent exchange method and the calculated 
values use the linear elastic model. 132 
Figure 4.12:  Experimental and theoretical length - direction elongations as a result of 
solvent exchange (a-w/w) for chitosan fibre where the experimental results 
were obtained from indirect actuation method and the calculated from the 
indirect actuation method and the calculated values come from the linear 
elastic model. 134 
Figure 4.13:  Calculated and experimental results of chitosan sample in water 
equilibrium under 15, 20 and 25 mN. 138 
Figure 4.14:  Elongation versus applied load experimental and calculated dependence 
for chitosan fibre in a-w as a result of 15, 20 and 25 mN loads. 139 
Figure 4.15:  Experimental and theoretical values of length – direction actuation at 
constant load using the thermodynamic model and direct solvent 
exchange. 140 
Figure 4.16:  Predicted results using the output values of the FEM for tensile stress 
applied to chitosan fibre swollen in water. 144 
Figure 4.17:  Young’s modulus values for fixed diagonal stiffness and different xK , yzK  
combinations corresponding to chitosan swollen in water. In all cases, the 
ratio 
yz
x
K
K
 was taken as 7.7 to reflect the different swelling that occurred 
in the length )(x  and diameter ),( zy  directions. 147 
Figure 4.18:  Poisson’s ratio values for fixed diagonal stiffness and different xK , yzK  
combinations corresponding to chitosan swollen in water. Again, the ratio 
was fixed. 148 
Figure 4.19:  Longitudinal and transversal forces applied to the cubic geometry. 150 
Figure 4.20:  Predicted deformation from dry to swollen in water under 3 different 
loads of chitosan fibre. 151 
 XVIII
Figure 4.21:  Relation between stress and strain using the output values of the FEM for 
chitosan swollen in a-w. 154 
Figure 4.22:  Young’s modulus values for fixed diagonal stiffness and different xK , yzK  
combinations corresponding to chitosan swollen in  a-w. The ratio of 
yz
x
K
K
 
was kept constant. 155 
Figure 4.23:  Poisson’s ratio values for fixed diagonal stiffness and different xK , yzK  
combinations corresponding to chitosan swollen in a-w. 156 
Figure 4.24:  3D, lateral and frontal view of simulated chitosan from dry swollen and 
deformed with 15, 20 and 25 mN loads. 158 
Figure 4.25:  Experimental and theoretical elongation for tensile stress applied to 
chitosan fibre swollen in water. 160 
Figure 4.26: Experimental and predicted by FEM elongations for chitosan swollen in 
a-w. 161 
Figure 4.27:  Experimental and predicted values for change in length for solvent 
actuation from a-w to w for chitosan fibre. 161 
Figure 4.28:  Experimental and theoretical diameter elongation for tensile stress 
applied to chitosan fibre swollen in water. 162 
Figure 4.29:  Comparison between experimental and theoretical results of diameter 
elongation for chitosan swollen in a-w. 163 
Figure 4.30:  Experimental and predicted values obtained by indirect diameter 
actuation, for chitosan fibre switched from a-w to w solvents. 163 
Figure 4.31:  Chitosan fibre a-w to w solvent actuation predicted by the linear elastic, 
thermodynamic and finite element models. 165 
Figure 5.1: (a) Free length expansion/contraction and (b) free diameter 
expansion/contraction of chitosan gel in pH 2 and pH 7 buffer solutions. 
The sample started in the dry state (t = 0). 169 
Figure 5.2:  Stress plotted versus Strain, obtained by tensile testing of chitosan fibre 
swollen in pH 2 (a) and pH 7 (b) solutions. 170 
Figure 5.3:  Length evolution of the experiment first showing actuation with very low 
load and then with low (15 mN), intermediate (25 mN) and high (35 mN) 
loads. 172 
 XIX
Figure 5.4:  Diameter kinetics of the same sample shown in Figure 5.3. 172 
Figure 5.5:  Change in: (a) length and (b) elongation ratio versus time from chitosan 
gel held at constant load in pH 7 (expanded state) and pH 2 (contracted 
state) at 15 mN load. λ  values refer to unstrained/swollen state in water 
(see Figure 5.3). 174 
Figure 5.6:  Expansion-contraction (a) and change elongation ratio (b) of chitosan 
hydrogel in pH 7 and pH 2 buffer solutions under 25 mN load. 175 
Figure 5.7:  Kinetics of chitosan gel expanded in pH 7 and collapsed in pH 2 buffer 
solutions (a) as well as the change elongation ratio (b) under 35 mN. 
  176 
Figure 5.8:  Experimental points of the total extensional stretch at 15mN, 25 mN, and 
35 mN during isotonic expansion after equilibrate the specimen in pH 2 
buffer solution. λ  values refers to length ratios with respect to the 
reference state (swollen/unstrained in pH 2 buffer solution). 177 
Figure 5.9:  Strain vs. Stress plot for chitosan gel swollen in pH 2 buffer solution. 
  178  
Figure 5.10:  Length and elongation change evolution of chitosan hydrogel equilibrated 
in pH 7 buffer solution with low load (0-800 sec) and stretched at 15, 25 
and 35 mN. 178 
Figure 5.11:  Young’s modulus obtained by stretching the sample between 2 to 15 mN in 
a pH 7 buffer solution. 179 
Figure 5.12: Experimental and calculated length – direction elongations as a 
consequence of switching from pH 7 to pH 2 at different applied loads. 
  181 
Figure 5.13:  Experimental and theoretical length – directions elongations for different 
applied loads to chitosan fibre switched from pH 7 and pH 2 buffer 
solution. 183 
Figure 5.14:  Schematic stress-strain diagram showing effect of pH switching on 
actuation strain at constant tensile stress. 184 
Figure 5.15: Force – displacement plot showing effect of pH switching on actuation 
displacement at constant tensile force. 185 
 XX
Figure 5.16:  Predicted actuation calculated from the linear elastic model, actuation 
obtained from Figure 5.13 (graphical method I), Figure 5.14 (graphical 
method II) data, and experimental indirect actuation. 185 
Figure 5.17: Theoretical results calculated by the FEM for tensile stress applied on 
chitosan fibre swollen in pH 2 buffer solution. 189 
Figure 5.18:  Young’s modulus values for fixed diagonal stiffness and different xK , yzK  
combinations corresponding to chitosan swollen in pH 2 solution. 191 
Figure 5.19:  Poisson’s ratio values for fixed diagonal stiffness and different xK , yzK  
combinations corresponding to chitosan swollen in pH 2 solution. 192 
Figure 5.20:  Simulated deformation due to the osmotic pressure and the uniaxial tensile 
extension applied on chitosan swollen in pH 7 buffer solution. 194 
Figure 5.21:  Stress vs. strain obtained by the output values of the FEM for chitosan 
swollen in pH 7 buffer solution. 198 
Figure 5.22: Young’s modulus values for different fixed diagonal stiffness changing the 
edge trusses values for chitosan fibre swollen in pH 7 buffer solution. 
  199 
Figure 5.23: Poisson’s ratio values for different fixed diagonal stiffness changing the 
edge trusses values for chitosan fibre swollen in pH 7 buffer solution. 
  200 
Figure 5.24:  Inhomogeneous expansion simulation and deformation after apply three 
different tensile loads of 15, 25 and 35 mN. 202 
Figure 5.25:  Actuation simulation from pH 2 to pH 7 transition the geometry expands 
in length in pH 7 and contracts in pH 2. 205 
Figure 5.26: Experimental and theoretical elongation for tensile stress applied to 
chitosan fibre swollen in pH 2 buffer solution. 206 
Figure 5.27:  Comparison between experimental and theoretical results obtained with 
FEM for chitosan swollen in pH 7 buffer solution. 206 
Figure 5.28:  Experimental values obtained by direct and indirect actuation, and 
predicted actuation results for chitosan fibre immersed in pH 7 and pH 2 
buffer solutions. 207 
Figure 5.29:  Experimental and theoretical diameter elongation for tensile stress 
applied to chitosan fibre swollen in pH 2 buffer solution. 207 
 XXI
Figure 5.30:  Diameter elongation versus force for chitosan swollen in pH 7 buffer 
solution. 208 
Figure 5.31:  Experimental diameter values obtained by indirect diameter actuation, 
and predicted actuation results for chitosan fibre immersed in pH 7 and 
pH 2 buffer solutions. 208 
Figure 6.1:  Spherical particles with waves scattered from two points to an angle θ2  
with a path difference of λ1 . 211 
Figure 6.2:  I vs. θ2  of the scattered waves of  Figure 6.1. 212 
Figure 6.3:  The main window for the Irena software package used for the analysis of 
the 1D integrated data. The control panel on the right background imports 
the 1D integrated data files from the SAXS15ID package (see Section 
6.4.3 Data acquisition and processing). The main control panel is on the 
left with Data Input (file selection and plotting) on the top; Modelling 
Input (fitting parameter selection and results display) in the centre; and 
Limits for Fitting (fitting parameter limits) in the lower section. The fitted 
results are shown in the Intensity versus Q windows. 220 
Figure 6.4:  Typical results for fitting the experimental SAXS data with the selected 
theory. The fit over the entire Q range is good. 221 
Figure 6.5a:  Photograph inside the hutch containing the SAXS/WAXS instrument on the 
15ID-D beamline ChemMatCARS (APS Chicago). The sample position is 
shown in the centre and the entry window for the detector vessel is on the 
left. The beam collimation optics is on the right. 223 
Figure 6.5b:  Schematic of the experimental equipment used to investigate the structure 
of chitosan fibres using the SAXS technique. For Series I experiments the 
transducer was used to measure fibre length as a function of load, and for 
Series II experiments the transducer was removed. 224 
Figure 6.6:  The main window of the SAXS15ID software package (written in IDL) 
used to control the experiment and collect, assess and process the 2D 
SAXS patterns. 226 
Figure 6.7:  2D SAXS pattern for a fibre under 16.1 mN load and pH 7. The mask (two 
red lines indicating χ limits for integration) is shown for the integration of 
the data about the horizontal axis. The 2D SAXS data was collected using 
the MAR165 CCD. 228 
 XXII
Figure 6.8:  3D image of the 1D integrated data for a fibre under 16.1 mN load 
obtained by integrating about the horizontal axis, and displayed as a 
function of time. The transitions between buffer pH2 and pH 7 are clearly 
visible. 229 
Figure 6.9:  Time sequence of a complete SAXS experiment for a fibre with 11.7mN 
load. The scattered intensity is the vertical (Z) axis, the scattering vector 
Q is the X axis, time is the Y axis. The transitions in pH are clearly 
indicated by the intensity changes at low Q. Note the considerable noise at 
high Q due to the weak scattering from the sample and the inherent noise 
of the Bruker 6000 CCD. The sharp spikes in the intensity are 'zingers' 
caused by cosmic radiation impinging on the CCD . 232 
Figure 6.10:  Output from the transducer collected during an in-situ SAXS experiment. 
The spikes in the transducer output correlate with the impact of the intense 
X-ray beam on the fibre and were caused by small mechanical shock 
waves and/or electronic interference. 233 
Figure 6.11:  Surface plots of the 1D integrated data for the SAXS experiment with the 
fibre under low load (5.7 mN). (a) Integration in the horizontal direction 
(b) Integration in the vertical direction. 234 
Figure 6.12:  Prefactor, K1 (full symbol - dashed line), and the correlation length, ξ 
(open symbol - full line), determined for integration in the horizontal 
direction and a function of the SAXS pattern number i.e. the time sequence 
of the experiment. The pH 2 - pH 7 transition occurred at Pattern Number 
5, 16; pH 7 - pH 2 Pattern Number 11, 23. 235 
Figure 6.13:  Prefactor, K0, (full symbol - dashed line) and the low Q slope, m (open 
symbol - full line), determined for integration in the horizontal direction 
and a function of the SAXS pattern number i.e. time sequence of the 
experiment. The pH 2 - pH 7 transition occurred at Pattern Number 5, 16; 
pH 7 - pH 2 Pattern Number 11, 23. 236 
Figure 6.14:  Surface plots of the 1D integrated data for the SAXS experiment with the 
fibre under medium load (11.7 mN). (a) Integration in the horizontal 
direction (b) Integration in the vertical direction. 238 
 
 XXIII
Figure 6.15:  Prefactor, K1 (full symbol - dashed line), and the correlation length, ξ 
(open symbol - full line), determined for integration in the horizontal 
direction and a function of the SAXS pattern number i.e. the time sequence 
of the experiment. The pH 2 - pH 7 transition occurred at Pattern Number 
13, 31; pH 7 - pH 2 Pattern Number 20, 37. 239 
Figure 6.16:  Prefactor, K0, (full symbol - dashed line) and the low Q slope, m (open 
symbol - full line), determined for integration in the horizontal direction 
and a function of the SAXS pattern number i.e. time sequence of the 
experiment. The pH 2 - pH 7 transition occurred at Pattern Number 13, 
31; pH 7 - pH 2 Pattern Number 20, 37. 240 
Figure 6.17: Surface plots of the 1D integrated data for the SAXS experiment with the 
fibre under medium load (16.1 mN). (a) Integration in horizontal 
direction, (b) Integration in vertical direction. 242  
Figure 6.18:  Prefactor, K1 (full symbol - dashed line), and the correlation length, ξ 
(open symbol - full line), determined for integration in the horizontal 
direction and a function of the SAXS pattern number i.e. the time sequence 
of the experiment. The pH 2 - pH 7 transition occurred at Pattern Number 
7, 19; pH 7 - pH 2 Pattern Number 12, 24. 243 
Figure 6.19: Prefactor, K0, (full symbol - dashed line) and the low Q slope, m (open 
symbol - full line), determined for integration in the horizontal direction 
and a function of the SAXS pattern number i.e. time sequence of the 
experiment. The pH 2 - pH 7 transition occurred at Pattern Number 7, 19; 
pH 7 - pH 2 Pattern Number 12, 24. 244 
Figure 6.20:  The correlation length [Å], ξ, determined for integration in the horizontal 
direction for the low (♦), medium (■) and high (▲) loads. 246 
Figure 6.21:  The low Q slope, m, determined for integration in the horizontal direction 
for the low (♦), medium (■) and high (▲)loads. 247 
Figure 6.22:  The prefactor, K1, determined for integration in the horizontal direction 
for the low (♦), medium (■) and high (▲) loads. 248 
Figure 6.23:  The prefactor, K0, determined for integration in the horizontal direction 
for the low (♦), medium (■) and high (▲) loads. 249 
Figure 6.24:  The correlation length [Å], ξ, determined for integration in the vertical 
direction for the low (♦), medium (■) and high (▲) loads. 250 
 XXIV
Figure 6.25:  The low Q slope, m, determined for integration in the vertical direction for 
the low (♦), medium (■) and high (▲) loads. 251 
Figure 6.26:  The prefactor, K1, determined for integration in the vertical direction for 
the low (♦), medium (■) and high (▲) loads. 252 
Figure 6.27:  The prefactor, K0, determined for integration in the vertical direction for 
the low (♦), medium (■) and high (▲) loads. 253 
Figure 6.28:  Correlation length of networks as a function of temperature obtained by 
modelling the scattering profiles using the Debye-Bueche equation [139]. 
  255 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 XXV
List of Tables 
 
Table 3.1:  Young’s modulus values for toluene and hexane.    56 
Table 3.2:  Calculated values for E  and 'E  corresponding to the dry and wet state in 
toluene.   59 
Table 3.3: E  and 'E  values corresponding to dry and wet state in hexane   59 
Table 3.4:  Experimental elongation change value from switching toluene-hexane 
(expanded to contracted state).   62 
Table 3.5:  Experimental values of dry and swollen/strained equilibrium in toluene of 
natural rubber subjected to 50, 100 and 150 mN loads.   66 
Table 3.6:   Experimental values of dry and swollen/strained equilibrium in hexane of 
 natural rubber under 50, 100 and 150 mN loads.   67 
Table 3.7: Calculated actuation obtained from elongation switching toluene-hexane 
(contraction).   68 
Table 3.8: Calculated fLΔ value for solvent switching from toluene to hexane at 50 
Mn.  69 
Table 3.9: Calculated fLΔ value for solvent switching from toluene to hexane at 100 
mN.  69 
Table 3.10:  fLΔ  value for solvent switching from toluene to hexane at 150 mN. 
  70 
Table 3.11:  Calculated fLΔ value for indirect actuation from toluene to hexane at 50 
mN.  71 
Table 3.12:  Calculated fLΔ  value for indirect actuation from toluene to hexane at 100 
mN.  71 
Table 3.13:  Calculated fLΔ  value for indirect actuation from toluene to hexane at 150 
mN.  72 
Table 3.14:  Fitting constants to Eqs. 1.60 and 1.61 (rubber in toluene case)  73 
Table 3.15:  Values of 2ν , 1t , 1l ,  DL  and λ for rubber in toluene.  73 
Table 3.16:  Fitting constants to Eqs. 1.60 and 1.61 (rubber in hexane case)  74 
Table 3.17:  Values of 2ν , 1t , 1l , DL  and λ for rubber in hexane.  75 
 XXVI
Table 3.18:  Experimental values of Strain, Elongation, and Poisson ratio of natural 
rubber.  87 
Table 3.19:  Experimental (exp) and theoretical )(Th  values calculated using the 
Finite Element Model, for uniaxial tensile testing of rubber in dry state. 
   97 
Table 3.20:  Bulk modulus from different pressures.  99 
Table 3.21: Experimental and calculated values using the FEM for the uniaxial tensile 
testing of rubber swollen in hexane.  103 
Table 3.22:  Solvent actuation results obtained from the FEM for toluene – hexane 
actuation.  111 
Table 4.1:  Experimental elongation change value from switching acetonitrile-water 
to water (contracted to expanded state).  123 
Table 4.2:  Experimental values of dry and swollen/strained dimensions in water of 
chitosan fibre subjected to 15, 20 and 25 mN loads.  127 
Table 4.3:  Experimental values of dry and swollen/strained equilibrium in 
acetonitrile-water of chitosan fibre under 15, 20 and 25 mN loads. 129 
Table 4.4:  Calculated indirect actuation obtained by subtracting the elongation in 
acetonitrile-water from the elongation measured in water.  130 
Table 4.5:  Calculated fLΔ value for solvent switching from acetonitrile-water to 
water at 5 mN.  131 
Table 4.6:  Calculated fLΔ  value for solvent exchange from acetonitrile-water to 
water at 10 mN.  131 
Table 4.7:  fLΔ  value for solvent switching from acetonitrile-water o water at 15 mN. 
    132 
Table 4.8: Calculated fLΔ value for indirect actuation from acetonitrile-water to 
water at 15 mN.  133 
Table 4.9:  Calculated fLΔ value for indirect actuation from acetonitrile-water to 
water at 20 mN.  133 
Table 4.10:  fLΔ  value for solvent switching from acetonitrile-water to water at 25 
mN.  134 
Table 4.11:  Fitting constants to Equations 3.11 and 3.6 (chitosan in water)  137 
 XXVII
Table 4.12: Values of 2ν , 1t , 1l , DL  and λ  for chitosan in water.  137 
Table 4.13:  Fitting constants to Equations 3.11 and 3.6 (chitosan in a-w).  139 
Table 4.14:  Values of 2ν , 1t , 1l ,  DL  and λ chitosan fibre in a-w.  139 
Table 4.15:  Swollen-Unstrained dimensional and experimental displacements, 
elongations, strains, and stresses of chitosan fiber under 15, 20 and 25 
mN.  141 
Table 4.16:  Experimental and calculated values using the FEM for the uniaxial tensile 
testing for chitosan swollen in water.  143 
Table 4.17: Swollen/Unstrained values and experimental translational, strains and 
stresses for chitosan in a-w under 15, 20 and 25 mN.  152 
Table 4.18: Experimental and calculated values using the FEM for uniaxial tensile 
testing of chitosan in a-w.  153 
Table 4.19:  Solvent actuation results obtained from the FEM for a-w/w actuation. 
   160 
Table 5.1:  Experimental elongation change vale from exchanging pH 7 to pH 2 
buffer solutions (expanded to contracted state).  173 
Table 5.2:  Experimental values of dry and swollen/strained dimensions in pH 2 
buffer solutions of chitosan hydrogel subjected to 15, 25, 35 mN loads. 
  177 
Table 5.3:  Experimental values of dry and swollen/strained equilibrium in pH 7 
buffer solution of chitosan fibre under 15, 25 and 35 mN.  179 
Table 5.4:  fLΔ  value for pH switching from pH 7 to pH 2 at 15 mN.  180 
Table 5.5:  fLΔ  value for pH switching from pH 7 to pH 2 at 25 mN.  180 
Table 5.6:  fLΔ  value for pH switching from pH 7 to pH 2 at 35 mN.  181 
Table 5.7: Calculated fLΔ  value for indirect actuation from pH 7 to pH 2 at 15 mN. 
   182 
Table 5.8:  Calculated fLΔ  value for indirect actuation from pH 7 to pH 2 at 25 mN. 
   182 
Table 5.9: Calculated fLΔ  value for indirect actuation from pH 7 to pH 2 at 35 mN. 
   182 
 XXVIII
Table 5.10:  Swollen – Unstrained dimensional and experimental displacements 
elongations, strains and stresses of chitosan fibre with 15, 25 and 35 mN 
of uniaxial loads.  186 
Table 5.11:  Experimental and calculated values obtained by FEM for the uniaxial 
tensile testing for chitosan swollen in pH 2.  188 
Table 5.12: Experimental values obtained by swelling chitosan in pH 7 buffer solution 
and next applying uniaxial stress.  195 
Table 5.13:  Experimental and calculated values using the FEM for uniaxial tensile 
testing of chitosan in pH 7 buffer solution.  197 
Table 5.14:  pH buffer solution actuation results calculated from FEM for pH 7 to pH 
2 actuation.  205 
Table 6.1:  Experimental program: Fibre identification, load and buffer conditions. 
   222 
Table 6.2:  Mean values of the Prefactor, K1, and the correlation length, ξ, 
determined for integration in the horizontal and vertical directions with 
the fibre under low, medium and high loads and different pH conditions. 
   256 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 XXIX
List of Abbreviations and Symbols 
a-w  Acetonitrile – water 
A    Cross sectional area 
mN    mili Newton 
MPa    Mega Pascal  
N    Number of chains per unit of volume 
G     Shear modulus in the contacted state 
'G    Shear modulus in the swollen state 
2ν    Swelling ratio (swollen volume/dry volume) 
ε    Strain  
)/( FEMthxε  x-direction theoretical strain  
σ    Stress 
ν    Poisson’s ratio 
E    Young’s modulus 
expF    Experimental force 
scaledF    Scaled Force 
FEM Finite Element Model 
Pa    Pascal  
λ    Elongation ratio 
0l    Initial length 
fl    Final length 
κ    Bulk modulus 
dK    Diagonal stiffness 
xyzK    Stiffness in the xyz  directions 
xK   Stiffness in the x  direction 
yzK   Stiffness in the yz  directions 
χ     Polymer solvent interaction parameter 
R     Universal gas constant 
T     Absolute temperature 
1V     Molar volume of solvent 
 XXX
ρ     Polymer density in the dry state 
H    Heat content 
1HΔ   Heat of dilution 
cM     Average molecular weight of polymer chains between crosslink site 
1n     Number of moles of liquid in the swollen polymer 
elΠ    Osmotic pressure due to the elastic free energy change 
mixΠ    Osmotic pressure related to the mixing free energy change 
 P    Pressure 
S    Entropy 
SΔ   Total entropy of deformation 
mSΔ   Entropy associated with the mixing process 
1SΔ   Entropy of dilution 
1t    Tensile stress 
U    Internal energy 
0V    Initial volume 
W   Work of deformation  
w Water 
0x    Initial length  
 
 
 
 
 
 
 
 
 
 
 
